Genetic structure of the high dispersal Atlanto-Mediterreanean sea star Astropecten aranciacus revealed by mitochondrial DNA sequences and microsatellite loci
Introduction
Marine species with extended planktonic larval stages have a high capacity for dispersal and as such are expected to display less genetic structure than species without a long stage in the plankton (Palumbi and Wilson 1990) . Nevertheless, gene flow in marine species can be constrained by dispersal barriers, such as narrow water passages between land masses, sharp salinity gradients or different types of currents e.g., circular currents (eddies) or downward currents. As marine barriers are not always easily identified, they might lead to population structure even in high dispersal species (Quesada et al. 1995; Palumbi et al. 1997 ).
The role of the Atlantic-Mediterranean division as a potential barrier to gene flow has increasingly been investigated for various planktotrophic invertebrate species (e.g., Borsa et al. 1997; Launey et al. 2002; DiazAlmela et al. 2004; Duran et al. 2004a; Stamatis et al. 2004 Stamatis et al. , 2006 Saavedra and Pena 2005; Calderon et al. 2008) . While the Strait of Gibraltar geographically divides the two basins, the Almería-Oran front is thought to be a genetic separation area. This large-scale density front is formed by the convergence of two distinct water masses in the east Alboran Sea, which is located in the westernmost region of the Mediterranean Sea (Tintore et al. 1988) . Other barriers to gene flow within the Mediterranean may also exist in the form of an east-west divide at the Siculo-Tunisian Strait and/or hydrogeographic isolation of the Aegean, Ionian and Adriatic Seas (Perez-Losada et al. 2007 ).
Many studies have used indirect genetic tools such as mitochondrial DNA (mtDNA), nuclear DNA or a combination of the two to analyze genetic structure in high dispersal Atlanto-Mediterranean invertebrates (e.g., Féral et al. 1995; Zane et al. 2000; Launey et al. 2002; Diaz-Almela et al. 2004; Duran et al. 2004a; Roman and Palumbi 2004; Stamatis et al. 2004; Triantafyllidis et al. 2005; Peijnenburg et al. 2006; Calderon et al. 2008) . Differing conclusions regarding the influence of the Atlantic-Mediterranean division on population structuring were drawn in these studies depending not only on the species investigated but also on the genetic markers used and the sampling pattern. For instance, only moderate genetic differentiation was revealed between Atlantic and Mediterranean populations of the sea urchin Paracentrotus lividus based on mtDNA sequences (Duran et al. 2004a) , whereas a sharp break was detected between the two basins when combining mitochondrial and nuclear markers and applying a more extensive sampling (Calderon et al. 2008 ). Based on allozymes and 28S rRNA sequence data, a clear separation was also detected in the sea urchin Echinocardium cordatum (Féral et al. 1995) . Patarnello et al. (2007) discovered that even between closely related taxa with comparable biologies the Atlanto-Mediterranean transition does not always induce a congruent population genetic structure, which could be due to the differences in demographic history between these species. Restriction fragment length polymorphism (RFLP) of mtDNA in the Norway lobster Nephrops norvegicus, for example, showed no genetic differentiation between the Atlantic and the Mediterranean (Stamatis et al. 2004 ). However, pronounced differentiation between Atlantic and Mediterranean populations was detected in the closely related European lobster Homarus gammarus (Triantafyllidis et al. 2005 ) using also RFLP of mtDNA. Two other crustaceans, the high dispersal green crab 3 Carcinus maenas (Roman and Palumbi 2004 ) and the pelagic Northern krill Megenyctiphanes norvegica (Zane et al. 2000) , again showed genetic differentiation between the basins based on mtDNA sequences.
Gene flow in marine species with long planktonic larval stages may be more restricted than generally assumed. In such cases, random drift occurs locally, and genetic structure can develop in the form of isolation-by-distance. This genetic pattern has been revealed in some high dispersal marine invertebrates, such as in the European flat oyster Ostrea edulis using microsatellite loci and mtDNA sequence data (Launey et al. 2002; Diaz-Almela et al. 2004 ) and in the pelagic crustacean Megenyctiphanes norvegica (Zane et al. 2000) using mtDNA data only.
Here we present data from another high dispersal Atlanto-Mediterranean echinoderm: the sand star A. aranciacus. A. aranciacus is a broadcast spawning sea star, which undergoes a long planktotrophic larval stage. Due to its large body size of up to 60 cm in diameter and the potential for high population densities, it is believed to be an important benthic predator (Burla et al. 1976 ). In the Mediterranean, this sea star was once abundant (Burla et al. 1972) . However, over the past 20 years a decline in populations of A. aranciacus has been observed in several areas within the Mediterranean (G. Ribi unpublished; H. Lessios, H. Massé, H.
Moosleitner, L. Santella, personal communications). The present distribution of A. aranciacus includes the Mediterranean Sea and the east Atlantic coast from northern Portugal to Angola, including the Canary Islands, Cape Verde and Madeira (e.g., Koehler 1921; Tortonese 1980) . This sea star usually lives in depths of 1-100 m (Zavodnik 1960) , but has been found at depths of up to 183 m (Hörstadius 1938) . Migration of adult sea stars is therefore bound to the continental shelf and does not tend to occur in any particular direction (Pabst 1986 ); hence, adult movements are likely to be only a minor factor for dispersal. In southern Portugal, A. aranciacus is still highly abundant (C. Almeida, personal communication). With a planktonic larval stage of up to 60 days (Hörstadius 1938) , A. aranciacus larvae can likely disperse up to 400 km following the calculations of Shanks et al. (2003) . This high potential for dispersal might allow populations in the east Atlantic, such as for instance from southern Portugal, to replenish the Mediterranean populations along the prevailing water exchange direction, if there are no barriers to larval dispersal between these two basins.
While sea stars have been subject to several population genetic studies using mitochondrial and/or nuclear markers (Hunt 1993; Williams 2000; Williams and Benzie 1997, 1998; Williams et al. 2002; Matsuoka and Asano 2003; Colgan et al. 2005; Harper and Hart 2005; Harley et al. 2006; Harper et al. 2007; Gerard et al. 2008) , only one study was conducted in the Atlanto-Mediterranean region (Baus et al. 2005 ). This study found high genetic structure between Atlantic and Mediterranean populations of Asterina gibbosa, a sea star which is expected to have a low dispersal capacity, as it lacks a planktotrophic larval stage. The present study investigates potential marine barriers to gene flow in a high dispersal marine invertebrate by analyzing the population genetic structure of A.
aranciacus employing both mitochondrial and nuclear markers. The comparison of these two marker types allows a more comprehensive investigation of genetic diversity, as markers of these two physically unlinked genomes do not always show congruent patterns (e.g., Hansen et al. 1999; Lemaire et al. 2005; Costantini et 4 al. 2007) . In this study, we sequenced the complete control region of the mitochondrial DNA, a region that has the highest rate of evolutionary change of any mtDNA region (Aquadro and Greenberg 1983; Parsons et al. 1997) . As nuclear markers, we used four polymorphic microsatellite loci, which are believed to be neutral and have been shown to be more variable compared to e.g., allozyme data (Shaw et al. 1999; Estoup et al. 1998; Perez-Losada et al. 2002) .
Employing these methods we (1) investigate a possible genetic separation between A. aranciacus populations of the Atlantic and the Mediterranean basin and between populations in the eastern and the western Mediterranean; (2) test existing populations for isolation-by-distance versus panmixia within and/or among the basins; and (3) determine the degree of correlation between genetic differentiation patterns estimated from mtDNA sequence data and patterns resulting from microsatellite loci.
Materials and methods

Sampling and molecular methods
We sampled a total of 254 individuals from 9 locations within the Mediterranean Sea and the east We amplified fragments of the mitochondrial DNA (mtDNA) for 15-20 specimens per location according to Table 1 using the forward primer E12Sa and the reverse primer E16Sb as described in Smith et al. (1993) . These primers amplify a fragment of approximately 1,200 base pairs (bp) in A. aranciacus and contain part of the 16S ribosomal RNA region, the entire non-coding control region (CR), the tRNA-Thr/Glu regions and part of the 12S ribosomal RNA region. DNA amplifications were performed in 30 µL -volume reactions with 1.67 U Taq DNA Polymerase, 3 µL 10x PCR reaction buffer, 0.4 mM dNTPs, 0.2 µM of each primer, 1 mM MgCl2 and 6 µL of DNA. The PCR protocol consisted of an initial denaturation step at 95°C for 3 min, 40 amplification cycles (95°C for 30 s, 48°C for 30 s and 72°C for 1 min) and a final elongation step at 72°C for 10 min performed in a Whatman Biometra T1 Thermocycler. We purified the PCR products with the QIAquick® PCR Purification Kit (Qiagen) or NucleoSpin® Extract II (Macherey-Nagel AG, Oensingen, Switzerland), following the supplier's instructions. Forward and reverse sequencing using E12Sa and E16Sb were carried out separately using BigDye® Terminator (PE-Applied Biosystems) chemistry. The cycle-sequencing protocol consisted of an initial step at 96°C for 3 min and 24 sequencing cycles (96°C for 5 Analyzer. Sequences were edited and aligned using the software SEQUENCHER™ 3.0 (Gene Codes Corporation) and adjusted by eye.
We analyzed nuclear DNA variation for all samples at four polymorphic microsatellite loci (Aaran06, Aaran09, Aaran2/05 and Aaran2/25) as previously characterized for A. aranciacus by Zulliger et al. (2008) .
DNA amplifications, fragment analyses and scoring were performed as described by Zulliger et al. (2008) .
Genetic diversity within populations
MtDNA haplotypic diversity h (Nei 1987) and nucleotide diversity π (Tajima 1983) were calculated using ARLEQUIN version 3.11 (Excoffier et al. 2005) . Moreover, we constructed a haplotype network using the statistical parsimony procedure of Templeton et al. (1992) implemented in TCS version 1.21 (Clement et al. 2000) with gaps coded as 5th character state and a 95% connection limit. To test for possible nucleotide saturation, we obtained saturation plots using the program DAMBE (Data Analysis in Molecular Biology and Evolution; Xia and Xie 2001) .
Microsatellite allelic diversity (N a ), allele frequencies and allelic richness corrected for differences in samples size (R S ; ElMousadik and Petit 1996) were determined per locus and per sampling location using the software FSTAT version 2.9.3.2 (Goudet 1995) . Further, we calculated observed (H O ) and expected heterozygosity (H E ) in ARLEQUIN and tested for significant deviations from Hardy-Weinberg equilibrium (HWE) as described in Guo and Thompson (1992) using 1,000,000 steps in the Markov chain and 50,000 dememorization steps. Tests for linkage disequilibrium were also performed in ARLEQUIN using a likelihood-ratio test (Slatkin and Excoffier 1996) and 16,000 random permutated samples. To detect microsatellite scoring errors, large allele dropout, occurrence of null alleles and estimates of null allele frequency, we used the software MICRO-CHECKER version 2.2.1 (Van Oosterhout et al. 2004 ).
As the haplotype diversity (h) and the allelic richness (R S ) were noticeably lower in Madeira (MAD) than in the other locations, we performed a one-sample t test using the statistics software SPSS 14.0 to test for statistical significance of this difference.
Bayesian clustering STRUCTURE version 2.0 (Pritchard et al. 2000) was used to infer population genetic structure testing the consistency with microsatellite genetic information. This Bayesian clustering method takes a sample of genotypes and uses the assumption of HWE and linkage equilibrium within subpopulations to find the number of populations (K) that fits the data best and the individual assignments that minimize HardyWeinberg and linkage disequilibrium in those populations. 10 replicates of this analysis were performed with K ranging from 1 to 12 for 1,000,000 generations (burn-in 100,000) and assuming an admixture model.
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Genetic differentiation among populations Population pairwise F ST estimates (Weir and Cockerham 1984; Michalakis and Excoffier 1996) were calculated using ARLEQUIN for mtDNA and microsatellite data applying 16,000 permutations and Kimura 2-parameter corrected distances for mtDNA. Estimates of F ST based on microsatellite data were also carried out without locus Aaran2/25, as null alleles are likely to be present at this locus (see below). To test whether F ST using all four loci and F ST without locus Aaran2/25 differed significantly, a paired sample t test was performed with the statistics software SPSS. This test was not significant (P = 0.648, correlation = 0.948), and thus, all further calculations based on F ST were carried out using all four loci. For microsatellite data we also calculated the standardized genetic differentiation measure as proposed by Hedrick (2005) which accounts for the level of genetic variation. To calculate this measure, all alleles were recoded as being population specific using the program RECODEDATA (Meirmans 2006) .
We examined the partitioning of the total variance between various groups of samples in ARLEQUIN by performing hierarchical analysis of molecular variance (AMOVA; Excoffier et al. 1992 ). Based on allelic frequencies for microsatellite loci and applying Kimura 2-parameter corrected distances for mtDNA, multilevel AMOVAs were performed to examine the proportion of genetic variance among the Atlantic and Mediterranean basins and within the Mediterranean among the west and the east basins separated by the Siculo-Tunisian strait (see Fig. 1 ). As the sampling location La Herradura (LAH) is located in the Alboran Sea, west of the Almería-Oran front, AMOVAs were carried out both with LAH belonging to the Atlantic and with LAH belonging to the west Mediterranean (16,000 permutations).
To estimate the effects of isolation-by-distance, we calculated the correlation between pairwise genetic differentiation (F ST ) and geographic distance using the software IBD version 1.52 (Bohonak 2002) . IBD uses a Mantel-test to find relationships between genetic and geographic distance matrices. As proposed by Rousset (1997) for a two-dimensional dispersal, we compared F ST /(1 -F ST ) with the logarithm of the geographic distance. Isolation-by-distance was tested for distances measured as the direct sea path between sampling locations (10,000 randomizations). As pairwise genetic differentiation (F ST ) of Madeira (MAD) to most other locations was significant, we performed a second analysis without this location to test whether the correlation was an artefact caused by the high genetic differentiation to MAD.
Correlation between mtDNA and microsatellite F ST We determined the correlation between the two matrices of population pairwise genetic differentiation (F ST ) resulting from mtDNA and microsatellite loci using a Mantel-test as applied in IBD (10,000 randomizations).
When multiple tests were performed, we corrected the level of significance according to the number of tests in a given set applying the control of false discovery rate (FDR) method (Benjamini and Hochberg 1995) as suggested by Narum (2006) .
Results
Genetic diversity within populations
We successfully amplified a 1,017 bp fragment of mtDNA containing the control region in 151 individuals across eight Atlantic and Mediterranean sampling locations (see Fig. 1 , Table 1 ). All sequences were deposited in GenBank under accession numbers EU450469-EU450582. The sample from Banyuls (BAN) was not included in the mtDNA analyses, because it was not possible to amplify the desired fragment of enough individuals from this location.
A total of 114 unique haplotypes were identified of which the two most common haplotypes (no. 1 and 72) were found in all three regions (see Appendix for absolute haplotype frequencies). We observed 96 polymorphic sites (9.4% variable sites), of which 12 contained gaps, and the number of nucleotide substitutions between any pair of sequences ranged from 1 to 25. Mean haplotype diversity (h) equalled 0.99 with the highest h observed in the sample from Muravera (MUR; h = 1.00) and the lowest h in Madeira (MAD; h = 0.84). A one-sample t test revealed a significantly lower h in MAD compared to other populations (mean difference = 13.385; P < 0.001). Mean nucleotide diversity (π) was 0.0064, and no evidence of nucleotide saturation was present in the saturation plot produced by DAMBE (results not shown).
One minimum spanning haplotype network with numerous ambiguous connections was obtained using TCS (Fig. 2) . A central haplotype could be identified in all three regions, and the most frequent haplotypes were generally closely linked to each other.
For the majority of the individuals, all four microsatellite loci amplified successfully and were scored unambiguously (Table 1) . At loci Aaran06 and Aaran2/05 one individual each did not amplify, and at locus Aaran2/25 amplifications for 13 individuals from five different sampling locations were not successful. All loci were polymorphic at each sampling location, and allelic diversity (N a ) within populations ranged from three alleles in Aaran09 to 28 alleles in Aaran2/25 (Table 1) . There was no evidence of scoring errors due to stutter or large allele dropout. Observed (H O ) and expected heterozygosity (H E ) ranged from 0.429 to 0.933 and from 0.547 to 0.968, respectively. Except for locus Aaran2/25, none of the loci showed evidence of the presence of null alleles. Deviations from Hardy-Weinberg equilibrium (HWE) were detected at locus Aaran2/25 after correcting for multiple testing (initial α = 0.05, k = 4) for the samples Madeira (MAD), Faro (FAR), La Herradura (LAH), Banyuls (BAN), Muravera (MUR), Kavala (KAV) and for all samples combined. The presence of one or more null alleles at locus Aaran2/25 was indicated by an excess of homozygotes over most size classes, detected by the program MICRO-CHECKER, and by the failure to amplify this locus in several specimens. In contrast, a significant excess of heterozygotes was detected at locus Aaran09 within the population MUR. Evidence of linkage disequilibrium between pairs of loci among populations was only significant at Gaeta (GAE) for loci Aaran06 and Aaran2/25 (P = 0.005), while over all populations no loci were significantly linked. Allelic richness adjusted for differences in sample size ranged from 3.000 in MAD at Aran09 to 23.131 in KAV at Aaran2/25 (Table 1 ). Overall allelic richness as an 8 average of the four loci was the highest in Heraklion (HER) with 12.054 and the lowest in MAD with 8.975 (Table 1) . A one-sample t test showed a significantly lower allelic richness in MAD compared to the other locations (mean difference = 2.180; P < 0.001). Over all microsatellite loci, 18.7% of the alleles were population specific, whereas the lowest percentage of population specific alleles equalled 15.2% at locus Aaran2/25. The number of population specific alleles ranged from two at Aaran09 to seven at Aaran2/25 and amounted to a total of 17 alleles over all loci.
Bayesian clustering
Structure analysis of microsatellite data failed to distinguish among the nine locations, as all ten runs exhibited the best -log PR(X|K) estimates for K = 1 (lnL = -4273.5; Fig. 3) . We repeated this analysis without locus Aaran2/25, since this locus demonstrated deviation from HWE, however, the best -log PR(X|K)
estimates remained for K = 1 (5 runs; lnL = -2781.7; results not shown).
Genetic differentiation among populations
MtDNA pairwise F ST ranged from 0 to 0.19 and provided evidence of a genetic subdivision between MAD and all other locations (Table 2) . Microsatellite loci revealed a similar genetic differentiation pattern, but in addition to MAD, F ST were also significant between FAR and several Mediterranean populations. F ST in microsatellites ranged from zero to 0.0312 and were on average 5.9-fold lower than in mtDNA (Table 2) .
Nevertheless, a Mantel-test showed significant correlation between mitochondrial and microsatellite F ST (r = 0.84; P = 0.0127). Standardized genetic differentiation in microsatellite data ranged from 0 to 0.15 and was on average 1.5-fold lower than in mtDNA.
Analyses of molecular variance (AMOVA) revealed high levels of variation within populations for both mtDNA and microsatellites ranging from 94.15 to 97.21% and from 98.75 to 99.69%, respectively (Table 3 ).
In mtDNA, variation among populations was the highest when comparing the west Mediterranean (without LAH) versus the east Mediterranean populations (3.94%). However, none of the groupings showed significant among group variation in mtDNA after correcting for multiple testing. In microsatellites, the highest percentage of among group variation was achieved when clustering the Atlantic versus the Mediterranean populations (0.8%; Table 3 ). Control of false discovery rate (FDR) left all groupings significant, except for one (WMed without LAH vs. EMed).
Isolation-by-distance analysis by the nearest sea path resulted in a significant correlation of genetic differentiation and geographic distance in both mtDNA (P = 0.0043; Fig. 4a ) and microsatellite loci (P = 0.0023; Fig. 4b ). Even when omitting the sample MAD from the analysis, this correlation remained significant in both markers (P mtDNA = 0.0261; P msat = 0.0038). As shown in Fig. 4b , pairs with MAD (empty dots) clearly have higher F ST than could be expected by the geographic distance, as well as one outlier pair with FAR and BAN (filled dot).
Discussion
In this study we used both mitochondrial and microsatellite markers to investigate the genetic structure in a high dispersal echinoderm in the Atlanto-Mediterranean region. Our results showed that the mitochondrial control region is highly variable and the four microsatellite loci Aaran06, Aaran09, Aaran2/05 and Aaran2/25 are also highly polymorphic in A. aranciacus. The comparison of these two markers allows us to determine the population structure in this sea star in a comprehensive manner, as our mitochondrial and nuclear data in general exhibit a congruent pattern of genetic differentiation.
Within population variability
While nucleotide diversity was low in mtDNA sequence data, haplotype diversity was high, indicating a high degree of polymorphism in the mitochondrial control region. Other studies on echinoderms have obtained similar results for sequences of the mitochondrial cytochrome c oxidase subregion I (COI) (e.g., McCartney et al. 2000; Uthicke and Benzie 2003; Duran et al. 2004a) . In marine invertebrates with large population sizes numerous haplotypes can be retained during periods of population growth or expansion (Watterson 1984) . A rapid population expansion could therefore lead to high haplotype and low nucleotide diversity as new mutations are retained (Avise et al. 1984; Watterson 1984) . In the present case, the results of the parsimony network analysis for A. aranciacus seem to support this hypothesis. The network showed a star-shaped pattern with a central haplotype and various alternative connections. The star-shape possibly indicates a common ancestral haplotype (Templeton et al. 1995) , supported by the occurrence of a central haplotype in all three basins (Atlantic, western and eastern Mediterranean).
Microsatellite loci were also highly polymorphic and showed a high mean allelic richness per population (R s = 21.9), but only few alleles were population specific. The lowest percentage of population specific alleles was found at locus Aaran2/25 (15.2%). Together with the high allelic richness at this locus, this could be an indication of size homoplasy. According to Estoup et al. (2002) , this would not necessarily be a significant problem for many types of population genetic analyses. However, highly polymorphic loci due to high mutation rates can lead to lower estimates of F ST (Slatkin 1995) , and high levels of heterozygosity may reduce the relationship between statistical and biological significance (Hedrick 1999) . As F ST estimates with and without locus Aaran2/25 showed no significant difference, we can assume that neither homoplasy nor the presence of null alleles skew the results of this study. Moreover, multiallelic F ST is based on a weighted mean of the contribution to the overall variance of each allele considered separately (Weir and Cockerham 1984) . It is therefore not likely to be biased by an invisible allele, which is expected to be randomly associated with size scored alleles (Launey et al. 2002) .
For some groups of invertebrates the proportion of microsatellite loci without null alleles is often low (McGoldrick et al. 2000; Launey et al. 2002; Peijnenburg et al. 2006; Costantini et al. 2007 ). Possibly, this could be due to a less effective DNA repair mechanism in the nuclear DNA of some invertebrates, especially 10 in echinoderms. Primers for amplification of microsatellite loci have been developed for several other echinoderms, such as Acanthaster plancii (Yasuda et al. 2006) , Amphipholis squamata and Echinocardium cordatum (Chenuil et al. 2003 Haplotype and allelic diversity are significantly lower in the sample from Madeira (MAD) than in all other samples, which could reflect either a founder event during the colonization of Atlantic islands or a recent bottleneck. The population from MAD was most likely not closely linked to the coastal populations in the past, as the island of Madeira emerged volcanically at the most 5 Mio years ago (Geldmacher and Hoernle 2000) . Lower allelic richness has also been found in populations of Crambe crambe in the Canaries and Madeira archipelagos compared to Mediterranean populations (Duran et al. 2004b) . Along with a reduction of alleles, an excess of heterozygosity would be a sign of a recent bottleneck, as allele number usually decreases faster than heterozygosity (Cornuet and Luikart 1996) . We tested for a recent reduction in population size applying the software BOTTLENECK version 1.2.02 (Cornuet and Luikart 1996) , but could not detect a bottleneck for MAD. Nevertheless, this possibility can not be completely ruled out, and additional microsatellite loci would be necessary to gain more clarity. Furthermore, genetic patterns are similar both in founder events and recent bottlenecks, and thus both possibilities still remain. Using mtDNA we performed a mismatch distribution analysis and Tajima's D test of selective neutrality (Tajima 1989) in ARLEQUIN to explore the demographic past of A. aranciacus in Madeira. This test showed that the population in MAD has undergone a recent population expansion, as it did not differ significantly from the sudden expansion model by Rogers and Harpending (1992) .
Spatial structure
While Bayesian clustering (STRUCTURE) of microsatellite data failed to detect any genetic structure in A.
aranciacus, pairwise genetic differentiation (F ST ) was significant mainly between MAD and all the other samples. These results are not contradictory given the low estimates of F ST in microsatellites and that STRUCTURE tries to assign individuals to a population without any initial information about the true sampling location. Mitochondrial and nuclear data in general showed congruent genetic differentiation patterns. The significant genetic differentiation between MAD and the other populations revealed by mitochondrial and microsatellite data can be explained by the remoteness of MAD to the other sites and possibly also by currents which are unfavourable to movement from the shelf to Madeira and vice versa. The Portugal current, which flows along the east Atlantic coast from northern Portugal southwards to northern Africa, is a possible marine barrier to gene flow from the Mediterranean and east Atlantic coast to the island of Madeira.
Moreover, the Mediterranean out-flow tends to stratify in the Atlantic Ocean at a depth of 600-1,400 m due to its greater density (Mougenot and Vanney 1982) and might impede larval dispersal to Madeira. On the 11 other hand, larvae dispersing from Madeira are prone to be directed southward along with the Canary current, restricting gene flow to the east Atlantic coast and the Mediterranean.
Although highly correlated, F ST (θ) were several times higher in mitochondrial than in nuclear markers.
The average cytoplasmic/nuclear ratio (θ C / θ N ) equalled 5.9. Similar results have been found in several other studies comparing mtDNA and microsatellite data (e.g., Shaw et al. 1999; Krafsur 2002; Diaz-Almela et al. 2004; Lemaire et al. 2005; Peijnenburg et al. 2006) . As the effective mitochondrial population size (N e ) is expected to be four times smaller than the nuclear N e , assuming both 1:1 sex ratios and diploidy (Birky et al. 1983) , there is a higher potential for genetic drift in mtDNA, which leads to a higher θ. Ratios significantly higher than fourfold can be caused by sex bias in migration, reproduction or population size or by a difference in the mutation rate of the two markers (Turan et al. 1998; Shaw et al. 1999) . The average θ C / θ N ratio in A. aranciacus is slightly higher than fourfold, for which the mentioned possibilities of sex bias or differences in mutation rates, combined or separately, could be partly responsible. A sex bias in migration though is an improbable factor, given the non-migratory behaviour of A. aranciacus. The standardized measure of genetic differentiation for microsatellite data (Table 2) is almost comparable to F ST in mtDNA and shows that low values of F ST in microsatellite loci are mostly due to the high polymorphism in these markers.
Mitochondrial data failed to indicate any significant among group variation for any of the groups formed for the analysis of molecular variance (AMOVA) after correcting for multiple testing. In microsatellite loci, however, significant among group variation was found for all groupings except for one, indicating some differentiation between the basins. Since the Atlantic versus Mediterranean differentiation might be skewed by the sample from Madeira (MAD), further sampling along the east Atlantic coast, e.g., North Africa, is needed in order to clarify whether there is a true genetic differentiation between these two basins, or if the pattern observed here is limited to offshore islands. As for the Mediterranean, our data suggest significant among group variation between populations of A. aranciacus in the west and the east Mediterranean basins.
A similar differentiation between eastern (Adriatic) and western Mediterranean populations has been found in other high dispersal marine species, such as the chaetognath Sagitta setosa (Peijnenburg et al. 2006 ) and the bivalve Cerastoderma glaucum (Mariani et al. 2002) . Although AMOVA indicate some genetic differentiation between basins in populations of A. aranciacus, this variation could be connected to the clear isolation-by-distance pattern found in A. aranciacus, as grouping populations by basin includes a strong geographical component. This hypothesis deserves further consideration, as in most cases significance of among group variation did not depend on whether LAH was assigned to the Mediterranean or to the Atlantic group.
Analyses of isolation-by-distance (IBD) were significant in both mtDNA and microsatellite data regardless of whether MAD was included in the analysis or not. We can therefore rule out a possible artefact caused by MAD, which showed a significant genetic differentiation (F ST ) to most other populations.
However, pairwise F ST comparisons between MAD and the other study sites are much higher than expected from the regression line resulting from IBD analyses (see Fig. 4 ). In fact, F ST values between MAD and the 12 other populations are about five times higher in mtDNA and twice as high in microsatellites. Besides the large geographic distance, other isolation mechanisms must therefore be acting on the population of MAD, such as the unfavourable current regime discussed above. Why the pair FAR-BAN also exhibits such a high F ST in microsatellites still needs to be further investigated by either obtaining comparable mtDNA data from BAN or by sampling other populations of the west coast of the Mediterranean. Isolation-by-distance patterns have been detected in other Atlanto-Mediterranean invertebrates (Zane et al. 2000; Launey et al. 2002; DiazAlmela et al. 2004) but not yet in high dispersal echinoderms. In contrast to our results, genetic investigations on the high dispersal sea urchin Paracentrotus lividus (Duran et al. 2004a ) suggested panmixia within the Mediterranean and within the east Atlantic basin. This discrepancy is most likely due to the sampling scheme, as the presented study included populations in the eastern Mediterranean while the sampling by Duran et al. (2004a) was limited to the west coast of the western Mediterranean. While mitochondrial and nuclear datasets reveal similar levels of significant genetic differentiation between samples, and both support an isolation-by-distance pattern, mtDNA showed higher population differentiation (F ST ) than microsatellite loci. However, when accounting for the high polymorphism in nuclear markers using the standardized genetic differentiation measure, this difference was less pronounced. On the other hand, microsatellite loci were more sensitive in detecting genetic differentiation between groupings by basins (AMOVA).
Conclusions
Our results indicate that while genetic differentiation may be mostly absent in A. aranciacus, the dispersal of marine invertebrates with extended planktonic larval stages could be more restricted than is often assumed. In contrast to previous studies on echinoderms suggesting panmixia in the Atlantic and Mediterranean basin, our data revealed a pattern of isolation-by-distance in A. aranciacus over the sampled area. Microsatellite data further detected some differentiation of Atlantic versus Mediterranean and western versus eastern Mediterranean populations of A. aranciacus. Nevertheless, our data did not allow to identify specific marine barriers, such as the Strait of Gibraltar, the Almería-Oran front or the Siculo-Tunisia Strait, as isolation-by-distance might be sufficient to explain the majority of the genetic differences found here.
Further sampling, particularly along the Atlantic coast, is necessary to gain more clarity on this matter. The present study highlights how the comparison of mitochondrial and microsatellite markers can provide a more complete picture of genetic differentiation, allowing for more comprehensive data analyses and interpretation. Table 1 : A. aranciacus intra-population genetic variability at the mitochondrial control region (CR) including flanking regions and four microsatellite loci for nine sampling locations. Indicated are the number of individuals processed (n) for mitochondrial and nuclear markers, as well as the number of total haplotypes (T), the number of location-specific haplotypes found within each sampling location (S) and haplotype (h) and nucleotide (π) diversity. Standard errors are in parenthesis. For microsatellite loci the number of alleles (N a ), expected (H E ) and observed heterozygosity (H O ) and the allelic richness (R s ) are shown. Allelic richness is adjusted for a minimum sample size of 20 diploid individuals.
Estimated null allele frequencies (r; van Oosterhout) are shown for populations with significant lower H O from HWE after false discovery rate (FDR) correction.
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05, ** = P < 0.01, *** = P < 0.001, ° = values that become non-significant after applying FDR correction. 1  po39  24  1  po45  25  1  po48  26  1  sp1  27  2  3  1  sp2, sp3, sp14, po26, po42, na6  28  1  sp5  29  1  sp10  30  1  sp12  31  1  sp15  32  1  sp16  33  1  sp17  34  1  mu71  35  1  mu72  36  1  mu73  37  1  1  mu75, sp11  38  1  mu80  39  1  1  mu81, na2  40  1  1  mu82, na24  41  1  mu89  42  1  mu90  43  1  mu91  44  1  mu109  45  1  mu111  46  1  1  1  mu112, na21, s18  47  1  1  mu117, na4  48  1  mu120  49  1  mu121  50  1  mu122  51  1  mu123  52  1  na3  53  1  na7  54  1  na8  55  1  na9  56  1  na12  57  1  na13  58  1  na14  59  1  na17  60  1  na18  61  1  na19  62  1  na20  Haplotype  MAD  FAR  LAH  Herra   MUR  GAE  CRE  HER  KAV  corresponding samples 
